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PREFACE 


The objective of the "Study of Monop opellants for Electrothermal 
Thrusters" program was to determine the feasibility of operatinq small 
thrust level electrothermal thrusters with monopropellants other than 
MIL-grade hydrazine. The work scope included analytical study, design 
and fabrication of demonstration thrusters, and an evaluation test pro- 
gram wherein monopropellants with freezing points iower than MIL-grade 
hydrazine were evaluated and characterized to determine their applica- 
bility to electrothermal thrusters for spacecraft attitude control; a 
data correlation phase culminated in the proposal of specific recommenda- 
tions for the work required to design and develop fliqht worthy electro- 
thermal thrusters using low freezing point monopropellants for space 
flight applications. 

The 333 mN electrothermal thruster designed for operation with MIL- 
grade hydrazine is suitable for operation with propellants having lower 
freezing points. These propellants are 76% hydrazine - 24% hydrazine 
azide, Aerozine-50, 50% hydrazine - 50% monomethyl hydrazine, and a TRW- 
formulated mixture of 35% hydrazine - 50% monomethyl hydrazine - 15% ammonia. 
The program goal of 200 sec steady-state specific impulse was exceeded by 
all propellants. The pulsed-mode program goal of 175 sec was exceeded by 
the azide blend for pulse widths greater than 50 ms and was met by the 
carbonaceous propellants for pulse widths greater than 100 ms. 

Longer thrust chamber residence times were required for the carbon- 
aceous propellants; the original thruster design was modified by increasing 
the characteristic chamber length and density of screen packing. A sub- 
stantial amount of thermal energy must be supplied to initiate decomposition 
of propellants containing unsymmetri cal -dimethyl hydrazine and monomethyl- 
hydrazine. 

Carbon deposition was minimal with the TRW-formulated mixture, whereas 
that observed with Aerozine-50 may pose problems for long term operation. 

The original baseline thruster configuration gave non-optimal hydra- 
zine performance. Performance was Increased by promoting homogeneous. 
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gas-phase decomposition kinetics in a larger head space. Hydrazine 
operation with thruster configurations derived for the carbonaceous 
propellants generated significant data. An analysis of these data 
greatly increased an understanding of the hydrazine decomposition 
process. 

Advanced development of electrothermal thrusters using low freezing 
monopropellants is warranted. Specific design recommendations were put 
forth in a program to develop flight worthy thrusters. These recommenda- 
tions included methods to increase propellant dispersal at injection, 
thruster geometry changes to reduce holding power levels and methods to 
initiate the rapid decomposition of carbonaceous propellants. 

Additional development work is recommended for the high performing 
electrothermal hydrazine thruster. One demonstration thruster produced 
236 sec steady-state specific impulse at a thrust level of 400 mN. 
Pulsed-mode performance was in excels of 200 sec for a 50 ms pulse. 
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1 .U INTRODUCTION 

Hydrazine is currently the accepted standard for spacecraft low- 
thrust propulsion systems. However, the relatively high freezing point 
of 274. 5°K inherently restricts its use and/or complicates the space- 
craft's thermal control system. Numerous low freezing point monopro- 
pellants are not compatible for operation with conventional catalytic 
thrusters. The development of electrothermal hydrazine thrusters has 
eliminated many problems characteristic of catalytic hydrazine thrusters. 
The "Study of Monopropellants for Electrothermal Thrusters" was undertaken 
to determine the feasibility of operating small thrust level electrothermal 
thrusters with monopropellants other than MIL-grade hydrazine. 

The work scope included analytical study, design and fabrication of 
demonstration thrusters, an evaluation test program and recommended 
approach for the design and development of flight worthy electrothermal 
thrusters using low freezing point monopropellants for spacecraft appli- 
cations. 

The analytical studies phase reviewed the characteristics of avail- 
able low freezing point monopropellants and identified four such propel- 
lants that did not require an excessive trade-off between freezinq point 
and performance. They were monomethyl hydrazine, Aerozine-50, 77% 
hydrazine-23% hydrazine azide, and TRW- formula ted mixed hydrazine mono- 
propellant consisting of 35% hydrazine-50% monomethyl hydrazine-1 5% 
ammonia. Eight demonstration thrusters were fabricated using a modular 
design which allowed the rapid characterization of the candidate mono- 
propellants. The work performed during the evaluation test program 
included the initial steady-state characterization of the candidate 
monopropellants and an optimization phase wherein the thruster configu- 
ration was changed to meet the specific requirements of each propellant. 
Simulated high altitude performance measurements were obtained for the 
optimized thruster configurations and compared to operation with MIL- 
grade hydrazine. Each propellant utilized was subjected to a chemical 
analysis. 
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Specific recommendations were proposed for the work required to 
design and develop flight worthy electrothermal thrusters using low 
freezing point monopropellants for spaceflight applications. These 
recommendations were the product of a critical review and analysis of 
the information derived from the Analytical Studies, Design and 
Fabrication, and Evaluation Test phases. 






2.0 PROPELLANT CHEMISTRY STUDIES 

2.1 PROPELLANT REQUIREMENTS 

A useful monopropellant other than hydrazine is one which has a 
lower freezing point and which may provide improvements in performance 
or density impulse. The consideration of various propellants for space- 
craft applications also requires that equal importance be given to pro- 
pellant properties related to materials compatibility, thermal stability, 
shock sensitivity, toxicity, handling, and transfer. These propellant 
requirements have been summarized and are presented in Table 1. They 
are representative of requirements for a system whose thrust functions 
are typical for spacecraft attitude control and station keeping applica- 
tions. 

Imposition of these characteristics may represent a set of partially 
contradictory requirements which must be reasonably satisfied by the 
candidate propellants. Each requirement has therefore been graded as 
"requirement" or "goal," depending on whether the characteristic is a 
firm requirement or a design goal which may be compromised. 

The requirement of the propellant freezing point (less than that of 
hydrazine) was amplified to include a design goal of 255. 2°K or lower. 

This value is a reasonable lower temperature limit which may be expected 
in a typical spacecraft application. It also provides a substantial 
improvement in comparison to hydrazine. Propellant storability, materials 
compatibility and thermal stability were classified as requirements in 
consideration of typical spacecraft missions lasting five years. The 
criteria for propellant shock sensitivity, toxicity, and safety character- 
istics were assumed to be the need for handling properties and hazard 
characteristics no worse than those presently established and accepted 
for hydrazine. 

The designation of program "goal" was chosen for propellant perfor- 
mance, density and commonality. The optimization of each of these 
characteristics is desirable, but may be compromised to meet a different 
propellant requirement. 
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2.2 PROPELLANT PROPERTIES 

Past studies to develop monopropellant substitutes for hydrazine 
have included the evaluation of hydrogen peroxide, organic nitrates, 
nitro paraffins and hydrazine derivatives such as MMH and UDMH. Efforts 
to lower the freezing point of hydrazine led to studies of binary mono- 
propellants utilizing hydrazine with its derivatives as well as inorganic 
salts such as nitrates and azides. The freezing point of hydrazine is 
depressed by the addition of amines (ammonia, aniline), alcohols and 
water. Similar studies have been conducted with hydrazine based ternary 
and quarternary mixtures. All such mixtures characteristically exhibit 
a freezing point lower than that of hydrazine. However, the freezing 
point depression is associated with significant physical property and 
performance changes. The basic propellant selection criteria applicable 
to this study require the simultaneous control of the mixture's proper- 
ties, performance and freezing point. The additional propellant proper- 
ties requiring evaluation are vapor pressure, viscosity, density impulse, 
decomposition temperature, boiling point and detonation propagation. 

The task of propellant selection was simplified by the rejection of 
those propellants which are not compatible with the requirements specified 
in Table 1 : 

a) hydrogen peroxiue: this propellant has a high freezing point 

of 272. 4°K. The decomposition and thermal stability charac- 
teristics are unsuitable for extended periods of storage. 

b) hydrazine nitrate: mixtures of hydrazine and hydrazine 
nitrate impose stability and handling-safety problems more 
severe than hyo'?zine. Standard JANNAF card gap and drop 
weight tests have shown a value of zero cards and negative 
results, respectively, for mixtures up to 16% hydrazine 
nitrate. Standard ICRP6 detonation propaaatlon tests have 
resulted in partial propagation in 6.35 mm tubing at 296°K 
und 20% hydrazine nitrate concentration. The non-volatile 
residues are definitely shock sensitive. The presence of 
nitrate Ions In the hydrazine blends promotes chemical 
reactions with materials and rapid burning. 
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c) other inorganic salts with the exception of azides: mixture 

freezing point can be depressed with the addition of hydra- 
zine sulfide, cyanide, perchlorate, fluoride or carbonate. 
Performance and physical data on these mixtures are limited 
or non-existent and none of these has apparently been con- 
sidered as a likely monopropellant. 

d) organic nitrates: n-propyl nitrate has a drop-weight shock 

sensitivity of 7.0 kg-cm. The corresponding value for 
hydrazine is 120 kg-cm (minimum). Ethyl nitrate may be 
added to reduce the shock sensitivity of n-propyl nitrate, 
but improvements in performance are not expected. Other 
organic nitrates such as methyl nitrate and diethylene 
glycol dinitrate exhibit shock sensitivity similar to that 
of nitroglycerin. 

e) nitro paraffins: nitromethane has a freezing point of 

244. 5°K and can provide a density impulse* of approxi- 
mately 250 sec at 298°K. The high combustion temperature 
of 2450°K and oxygen bearing decomposition products 
(H 2 0, C0 2 , CO) preclude its use as a monopropellant. The 
anticipated temperatures are in excess of noble metal 
alloy limits. Although refractory metals (Re, etc.) have 
sufficient thermal capability, their reaction with C0 2 
and H 2 0 will result in adverse material degradation. 
Tetranitromethane Is undesirable by virtue of Its high 
freezing point of 286. 3°K. The addition of freezing 
point depressants Increases the explosive sensitivity 

to unacceptable levels. 


Density Impulse Is expressed as the product of specific Impulse (sec) 
and the propellant specific gravity at a specified temperature. 
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The remaining propellants that were evaluated are grouped into 
three major categories. 

1. Hydrazine Derivatives . This group includes monomethyl hydrazine, 
unsymmetri cal -dimethyl hydrazine and Aerozine-50. The latter, a 50-50 
blend of and UDMH, is included with the other monopropellants 
because it is a unique propellant often used in bipropellant propulsion. 

The performance and physical properties of these propellants are compared , 

to hydrazine in Table 2. The data, in general, are for ambient room 
conditions. The safety, storage and handling characteristics are summari- 
zed in Table 3. 

2. Binary Mixtures . This category considers the binary monopro- 
pellant characteristics which result from blending hydrazine with UDMH, 

MMH, water, ammonia, hydrazine azide and hydrazine nitrate. The latter 
is included for informative reasons although it has been excluded 
previously. 

Propellant performance and physical property (298°K) data are 
summarized in Table 4 for mixtures of hydrazine with hydrazine azide, 
ammonia and hydrazine nitrate, respectively. Corresponding safety, 
storage and handling characteristics appear in Table 5. The mixture 
compositions are typical of those considered for propulsion applications. 

The freezing point, density, specific impulse, and density impulse 
dependence on propellant composition are illustrated in Figures 1-4, 
respectively. The freezing point of hydrazine is lowered by all addi- 
tives in this section (Figure 1). The minimum freezing point, 255. 5°K, 
of hydrazine-hydrazine azide mixtures occurs at the eutectic composition 
of 77% N 2 H^ - 23% NgHg. The density Is Increased by the addition of 
water, hydrazine azide or hydrazine nitrate, whereas, additions of 
ammonia, MW or UDMH decrease mixture densities. The specific and 

density Impulse data shown In Figures 3 and 4 were computed for a chamber 

2 

pressure of 1.034 MN/m and expansion to vacuum through a nozzle having 

an area ratio of 50 to 1. The TRW Rocket Chemistry Computer Program was 

used to obtain the performance oarameters In Figures 3 and 4. The data I 

are for adiabatic thermodynamic equilibrium. The fraction of dissociated ] , 

ammonia at equilibrium corresponds to the maximum possible. An analysis l 
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Table 2 . Performance and Physical Characteristics of Pure Monopropellants 



Performance Data for MMH, UDMH and Aero-50 are at Thermodynamic Equilibrium 




Compatibility classifications are listed in Table A1 . 
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Table 5. Safety/Storage/Haadling Characteristics of Pure Binary Monopropellants 




Freezing Point 







Density at 298°K g/cm' 


1.10 
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Theoretical Vacuum Specific Impulse, Sec 


Storage Temperature = 298°K ~ 

Chamber Pressure = 1.034 MN/rrr 
Area Ratio = 50 

Equilibrium Flow Through Nozzle 

HA = Hydrazine Azide HN = Hydrazine Nitrate 


Ammonia 


H 2 O * Water 


UDMH * Unsymmetr jeal Dimethyl hydrazine 




Percent Additive to 


Figure 3. Theoretical Vacuum Specific Impulse of Pure Binary Monopropellants 


Density Impulse » Sec 






of the kinetic environment in most thrusters reveals that thermodynamic 
equilibrium is rarely achieved. Hydrazine thrusters are designed to 
provide a minimum amount of ammonia decomposition. Higher performance 
results when the energy of ammonia dissociation is retained to increase 
the hydrazine decomposition product enthalpy. The effect of ammonia 
dissociation on performance is best illustrated by assuming the condition 
of frozen flow. The hydrazine decomposition product compositions and 
phases are arbitrarily fixed and no consideration is given to equilibrium. 

The performance parameters are expressed as a function of ammonia dissoci- 
ation fraction, o. The decomposition of hydrazine may be described by 

3N 2 H 4 — -4 (l-a)NH 3 + (2a + 1) + 6aH 2 (1) 

The corresponding descriptive decomposition reaction for hydrazine azide 
(«5 H 5> 15 

3N 5 H 5 — 5 (1-a)NH 3 + (2.5a + 5) Nj + 7.5aHj (2) 

The effect of ammonia decomposition on the performance of azide blends 
is illustrated in Figure 5 (specific impulse) and Figure 6 (density Impulse). 
Pure hydrazine is included as a comparison. Only data for practical ammonia 
decomposition fractions are shown (a = 0.3 to 0.8). 

3. Ternary Mixtures . This group includes three component mixtures 
of hydrazine, MMH, UDMH, hydrazine azide, ammonia and water. The perfor- 
mance and physical properties of three mixtures are shown in Table 6. A 
comparison of the two hydrazine-hydrazine azide based ternary blends illu- 
strates the trade-off between freezing point and performance for nearly 
equal additions of ammonia (7%) and water ( 8 %). The mixture containing 
water (freezing point * 253°K) has a density Impulse 7.8% below that of 
hydrazine, whereas, the mixture containing ammonia (freezing point 255°K) 
has a 6.1% Increase In density Impulse. A freezing point of 219.1 °K is 
realized for the MHM blend while retaining performance levels similar to 
that of the hydrazine-hydrazine azide-water mixture. Figure 7 compares 
the theoretical vacuum specific Impulse as a function of ammonia dissoci- 
ation of the two N 2 H 4 -NgHg ternary blends with that of hydrazine. The 
lower combustion temperatures of the ternary blends should result In a 
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Theoretical Vacuum Specific Impulse, Sec 


260 


i 



Figure 5, Theoretical Vacuum Specific Impulse of Hydrazine-Hydrazine 
Azide Mixtures as a Function of Ammonia Dissociation 
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Figure 6. Density Impulse of Hydrazine-Hydrazine Azide Mixtures es 
a Function of Ammonia Dissociation 
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Table 6. Performance and Physical Characteristics of Pure Ternary Monopropellants 



74% - 19% N g H 5 - 7% HH 3 

75% - 17% N g H 5 - 8% H 2 0 

MHM, 35% - 50% MMH - 15% NH 






Figure 7. Theoretical Vacuum Specific Impulse of Pure Ternary 
Monopropellants as a Function of Ammonia Dissociation 
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smaller percentage of dissociated ammonia in actual engine operation. 

The relative difference in operating performance between hydrazine, 

N 2 H 4 - NgHg - HgO and N 2 H 4 -MMH-NH 3 should be reduced to less than 5%. 

Although numerous other ternary blends could be formulated from 
the six components considered in this section, the three blends presented 
appear to be the best compromise between freezing point depression and 
performance. 

2.3 PROPELLANT SELECTION 

The two hydrazine derivatives, MMH and IJDMH, are attractive by virtue 
of very low freezing points (220. 8°K and 215. 8°K, respectively), theoret- 
ical values of specific impulse near that of hydrazine (<5% below), and 
of being "on board" in many spacecraft for use in high thrust bipropellant 
systems. However, both propellants perform poorly with catalytic thrusters. 
Carbon deposition from propellant decomposition has led to rapid clogging, 
poisoning and degradation of the catalyst bed. Large concentrations of 
MMH and UDMH are required to significantly depress the freezing point of 
hydrazine (Figure 1). Consequently, electrothermal thrusters utilizing 
these mixtures may also have problems associated with carbon deposition. 
However, the potential advantages of low freezing point and high theoretical 
performance warranted their selection for the evaluation test program. 

Carbon accumulation in the thrust chamber can be best evaluated by using 
one propellant unmixed or "pure," and the other blended with hydrazine. 

The logical selections were Aerozine-50 (50% NgH 4 - 50% UDMH) and MMH. 
Aerozine-50 has the advantage of being a conmonly used bi propellant. The 
total carbon content of both propellants Is Identical. 

Binary mixtures obtained from blending hydrazine with ammonia or 
water exhibit 255. 2°K freezing points at additive concentrations of 21.5% 
(NH 3 ) and 17% (H 2 0). However, the large loss of density Impulse (11% for 
HgO, 20% for NH 3 ) excluded them from further consideration. The eutectic 
blend of 77% N 2 H 4 - 23% hydrazine azide offers a substantial performance 
Increase over hydrazine and has an acceptable freezing point of 255. 5°K. 
Previous TP' n ' experience with catalytic thrusters using azide blends has 
been negative. Higher thruster temperatures and a more severe nitriding 
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environment resulted In premature catalyst, thrust chamber and injector 
failures. These adverse characteristics will be absent for the electro- 
thermal thruster; no catalyst (such as Shell 405) is used, and the 
thruster design allows the fabrication of noble metal alloy components 
capable of withstanding the higher temperature environment. For these 
reasons, the eutectic hydrazine-hydrazine azide mixture was selected for 
evaluation in the test program phase. 

Performance levels of the N 2 H 4 - NgHg - NH^ ternary mixtures are 
similar to those of the binary N 2 H 4 - NgHg blend. The degree of self- 
pressurization (0.11 MN/m 2 ) and slightly lower freezing point of 255°K 
are not considered significant enough to include this ternary blend in 
addition to or in lieu of the binary azide mixture. 

The - NgHg - H 2 0 mixture has a freezing point (253°K) below the 
program goal. The performance characteristics of this blend have been 
severely compromised by a slight reduction in freezing point when compared 
to the other ternary blend. Ignition delay times are increased by the 
addition of water to hydrazine fuels. The trade-off between performance 
and freezing point of the ternary azide - water mixture results in an 
unacceptable candidate for the scope of this program. 

The TRW-formulated ternary blend (MHM), 35% - 50% WH - 15% NH^, 

has numerous advantages that offset the reduction In specific Impulse 
(«13% below N 2 H^). The MHM has a density Impulse comparable to the 
derivatives of hydrazine, has no solid exhaust products or condensable 
combustion species. Faster start transients are expected for the MHM blend 
than mixtures containing water. Thus, the MHM blend was a logical candi- 
date for the evaluation test program. 
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3.0 THRUSTER DESIGN AND FABRICATION 

3.1 DESIGN OBJECTIVES 

The thruster design was based on the Electrothermal Hydrazine 
Thruster (EHT) developed by TRW for NASA/GSFC on NASA Contract No. 
NAS5-11477.^ The upgraded design and performance requirements are 
listed below. 

1. Thrust: 0.333 + 0.0267N at 1.724 MN/m 2 nominal feed pressure 

2. Vacuum specific impulse: 200 sec steady-state 

(goals) 175 sec pulsed-mode 

3. Pulse duration: 0.050 second to steady-state 

4. Pulse mode duty cycle: that typical for attitude control 

including "wheel dump" 

5. Holding power: 5 watts maximum 

6. Nominal voltage: 24 to 32 vdc 

7. Maximum steady-state on-time: 30 hours 

5 

8. Total number of pulses: 3x10 

9. Weight: to be determined 

10. Size: to be determined 

The specific Impulse values have been designated as program goals 
rather than a firm requirement. 

3.2 DESCRIPTION OF DESIGN 

The original electrothermal hydrazine thruster (EHT) upon which the 
present thruster is based is shown in Figure 8. The EHT design was modi- 
fied by replacing the braze joint between the thrust chamber and nozzle 
with a threaded screen pack sleeve arrangement. This design, as Illustra- 
ted In Figure 9, provided significant cost savings In thruster fabrication 
and greatly Implemented performance optimization during the Evaluation 
Test Program. The design provides for: 
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1. Component interchangeability 

2. Changes in screen pack geometry 

3. Changes in characteristic chamber length, L*, by varying 
the screen pack length or nozzle section length, or both 

4. Nondestructive inspection, analysis, and cleaning of 
internal thruster components. 

3.3 THRUSTER COMPONENTS 

The thruster solenoid valve used during the Evaluation Test Program 
was the Wright Components, Inc. Model No. 15650 valve. This valve was 
successfully used on NASA/GSFC Contract No. NAS5-11477. The in.jector- 
to-valve seal is accomplished by a Teflon compression sleeve. 

Two 10.2 cm long by 0.114 cm diameter sheathed Aerorod heater 
elements are used to heat the thrust chamber and nozzle. These heater 
elements were sized to maintain holding temperatures in excess of 800°K 
for sea level operation during portions of the Evaluation Test Proqram 
phase. Thruste:- insulation was provided by wrapping layers of Microquartz 
felt around the thrust chamber. 

The nozzle is of standard convergent-divergent design with an area 
ratio of 50. The throat diameter is 0.046 cm. The screen pack sleeve 
Is sized to accept 0.51 cm diameter platinum screens. The initial sleeve 
length is 0.51 cm. The chamber head end has a 90° Included angle and a 
tapered wall thickness to limit heat transfer to the Injector. The 
thrust chamber - screen pack - nozzle seals are of thin hardened copper. 

The thruster Is mated to the Wright Components, Inc. valve through 
a 0.025 cm thick thermal barrier tube and adapter flange. 

Engineering drawings fcr the various demonstration thruster compon- 
ents are included in Appendix B. 

3.4 FABRICATION 

The fabricated components for five thrusters are shown in Figure 10. 
Included are the nozzle, screen pack sleeve, body, barrier tube, valve 
adapter flange and gasket seals. An assembled but not brazed view of 
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the demonstration thruster configuration is presented In Figure 11. All 
parts were fabricated from Haynes alloy L605 (Haynes 25) with the exception 
of the adapter flange (Type 304 stainless steel) and the gasket seals 
(No. 102 copper). 

The injector tubes were fabricated from Haynes 25 tubing (0.0356 cm 
00 by 0.0152 cm ID). All injectors were built with a thermal relief bend 
rather than a complete loop. The chamber end of the Injector was trimmed 
square and deburred on a jeweler's lathe. 

The heater elements were wound In one layer on a mandrel slightly 
smaller than the outer diameter of the thruster body. 

The screen packs were fabricated from 52 mesh platinum gauze and 40 
mesh Haynes 25. The platinum screens (60) were punched and pre-compressed 
In a forming die. A single Haynes 25 screen was used as a retainer for 
the platinum screen pack. The Haynes 25 retainer was Inserted Into the 
screen pack sleeve towards the nozzle end of the thruster. The compacted 
platinum screen pack was then transferred directly from the compression 
die Into the sleeve. 

The split-chamber design allowed the thruster to be assembled In one 
high-temperature braze cycle. Nlcrobraze alloy 210 was used for the 
entire assembly. A brazed thruster Is shown In Figures 12 and 13 as dis- 
assembled and assembled views, respectively. 
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Figure 10. Demonstration Thruster Components 




Figure 11. Demonstration Thruster Configuration 
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Figure 12. Disassembled Demonstration Thruster 



Figure 13. Assembled Demonstration Thruster 
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4.0 PROPELLANT EVALUATION 


4.1 TEST PROGRAM 

The evaluation test program was comprised of five interacting sub- 
tasks. These tasks are illustrated schematically in the flow diagram of 
Figure 14. Each propellant was subjected to a chemical analysis for con- 
formance to appropriate specifications. The demonstration thrusters were 
operated with MIL-grade hydrazine prior to testing with the candidate 
monopropellants. Preliminary operation with the monopropellants was per- 
formed under sea level conditions for reasons of safety. Thruster con- 
figurations were varied to satisfy the different decomposition character- 
istics of each propellant. These variable configurations were also operated 
with MIL-grade hydrazine. Simulated high altitude performance measurements 
were obtained for the candidate monopropellants with "optimized" thruster 
configurations. 

4.1.1 Test Methods 

The preliminary sea level measurements were performed using the equiD- 
ment shown schematically in Figure 15. The propellants MMH, AER0-50, and 
HA were supplied in 500 cc interchangeable Type 304 stainless steel sample 
cylinders. A separate piston tank (Figure 16) was required to prevent the 
loss of ammonia from the MHM blend. Two additional cylinders of water and 
alcohol were incorporated in the propellant supply manifold. This enabled 
the convenient flushing and cleaning of the thruster valve and propellant 
lines (thruster removed during such operations). A semi-open canister was 
mounted around the thruster. Argon was flowed through the canister to 
reduce oxidation of the thruster components. The thruster, thruster valve 
and filter were securely attached to an aluminum plate. A water shower 
head was Installed directly over the thruster and valve assembly as a pre- 
cautionary measure In the event of a propellant fire. The sea level tests 
were monitored visually by a closed-circuit television hook-up (control 
block-house located 16 m from test cell). The parameters recorded during 
sea level testing are Indicated In Table 7. 




\ 


30 






Figure 14. Evaluation Test Program Schematic 
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The simulated high altitude performance measurements were conducted 

in a facility incorporating a 1.22 m x 1.22 m cylindrical vacuum chamber. 

High vacuum (<1.3x10" N/m ) is maintained by two 0.L54 m diffusion pumps. 

A chevron cyro baffle is mounted at the inlet port of each diffusion pump 

and is cooled with liquid nitrogen during operation. The diffusion pump 

assemblies exhaust to a 38 1/s mechanical pump through 5.1 cm tubing. 

The mechanical pump is used in lieu of the diffusion pumps for steady-state 

operation and high duty cycle pulsed-mode operation. The mechanical pump 

2 

maintains the chamber at a pressure of 130 N/m or less during such 
operations. 

The internal chamber configuration is shown in Figure 17. The chamber 
contains two independent thrust and propellant supply systems (one system 
was installed during this program reporting interval). The dual systems 
satisfied the need to test more than one propellant without delays normally 
encountered in changing propellants. A fully instrumented demonstration 
thruster is shown mounted on one thrust stand in Figure 18. The propellant 
supply and mass flow measuring system Is represented schematically in 
Figure 19. Dry, filtered nitrogen is used as the propellant pressurant. 

The flow measuring device consists of a piston that displaces propellant 
stored within a small diameter cylinder. The piston displacement is 
measured by a linear potentiometer. 

The data acquisition equipment in Figure 20 was used to obtain per- 
formance data. Operating and performance data were recorded on an oscillo- 
graph or on magnetic tape. Three additional parameters were recorded for 
the high altitude tests. They were thrust (steady-state) or Integral of 
thrust (Impulse-bit In the case of pulsed-mode), mass flow and integral 
of chamber pressure. 

The thrusters were routinely disassembled and Inspected throughout 
the test program phase. Several screen pack assemblies were subjected to 
electron probe microanalysis for the Identification of deposits formed on 
the screens during high temperature operation. 
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Figure 18. Thruster Mounted for Performance Measurements 
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Figure 19. Propellant Supply System 







Original performance measurements were acquired in British 
Engineering units (foot-pound-second-degree Fahrenheit). The data 
In this report have been converted to the International System of 
Units (SI) or to more convenient metric units. 

4.1.2 Chemical Analysis 

Standard analytical methods were used to determine the chemical 
composition, particulate weight, particle size distribution and non- 
volatile residues for the propellants hydrazine, Aerozine-50, mono- 
methyl hydrazine, and hydrazine-hydrazine azide. An analysis of the 
ammonia used for the mixture of hydrazine monopropellants (MHM) was 
supplied by the manufacturer. The chemical composition of the WM 
propellant was determined by the charging sequence. A pre-mixed and 
weighed charge of hydrazine and MMH was introduced Into the piston 
tank. Both sides of the piston tank were evacuated to remove a 
protective nitrogen blanket. Ammonia was transferred to the propellant 
tank In the vapor phase and allowed to saturate the pre-mixed hydrazine 
and MMH to the vapor pressure corresponding to an aqueous solution 
content of 15% ammonia. Both ends of the propellant tank were then 
sealed under pressure. 

Results of the propellant chemical analyses are presented In Tables 
8 through 11 for MIL-grade hydrazine, Aerozine-50, monomethyl hydrazine, 
and hydrazine-hydrazine azide, respectively. The hydrazine azide con- 
tent was determined hv potentiometrlc titration with 0.1 N NaOH and 
ammonia liberated from the addition of a weighed sample to acetone. The 
non-volatile residue (NVR) for the hydrazine-hydrazine azide blend was 
determined by propellant decomposition with hydrogen peroxide and slow 
evaporation on a hot plate to dryness. The NVR contents of hydrazine, 
Aerozine-50, and MMH were determined by weighing the matter remaining 
after distilling 100 ml of propellant at 313°K and a pressure of 133 N/m 2 . 
An analysis of the anhydrous ammonia used for the MHM blend Is presented 
In Table 12. 
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Table 8. Analysis of MIL-Grade Hydrazine Propellant 


Results 

(Ref. 2) 
Spec. Limits 

Analysis 

Density at 298°K, g/ml 

NR* 

1.0047 

Hydrazine, % 

98 Min 

99.50 

Unknown, % 

NR 

Trace 

Water, % 

1.5 Max 

0.50 

No. of Particles 
Per 100 ml 

(Ref. 3) 


6-10 microns 

9700 Max 

361 

11-25 microns 

2680 Max 

247 

26 - 50 microns 

380 Max 

133 

51 -100 microns 

56 Max 

9 

101 -250 microns 

5 Max 

0 

Fibers 

None 

None 


Non-Volatile Residue, mg/100 ml - 6.0 


Element 

Fe 

N1 

Cr 


*NR: Not Required 


Analysis, ppm 
0.26 
0.09 
0.11 


I 


Table 9. Analysis of Aerozlne-50 Propellant 
(50% N 2 H 4 - 50% UDMH) 


Results 

(Ref. 4) 
Spec. Limits 

Analysl: 

Density at 298°K, g/ml 

NR* 

0.8996 

n 2 h 4 , % 

51 +0.8 

51.58 

UDMH, % 

47 Min 

*7.81 

Ammonia, % 

NR 

Trace 

Mater, % 

1.8 Max 

0.61 

No. of Particles 

Per 100 ml 

(Ref. 3) 


6-10 microns 

9700 Max 

960 

11-25 microns 

2680 Max 

320 

26 - 50 microns 

380 Max 

108 

51 -100 microns 

56 Max 

18 

101 -250 microns 

5 Max 

1 

Fibers 

None 

None 

Non-Volatile Residue, 

mg/100 ml - 2<.4 


Element 

Analysis, 

m. 

Fe 

0.79 


N1 

0.22 


Cr 

0.66 



*NR: Not Required 
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Table 10. Analysis of Monomethyl hydrazine Propellant 


Results 

(Ref. 5) 
Spec. Limits 

Analysis 

Density at 296. 9°K, g/ml 

0.870 to 0.874 

0.8725 

Monomethyl hydrazine, % 

98.3 Min 

99.02 

Unknown, % 

NR* 

Trace 

Water, % 

1.5 Max 

0.98 

No. of Particles 
Per 100 ml 

(Ref. 3) 


6-10 microns 

9700 max 

1460 

11-25 microns 

2680 max 

520 

26 - 50 microns 

380 max 

122 

51 -100 microns 

56 max 

31 

101 -250 microns 

5 max 

4 

Fibers 

None 

None 

Non-Volatile Residue, mg/100 ml - 0.8 


Element 

Analysis, 

J2EE 

Fe 

0.39 


N1 

0.10 


Cr 

0.03 



*NR: Not Required 
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Table 11. Analysis of Hydrazine-Hydrazine Azide Propellants 


Results 


Density at 298°K, g/ml 

1.0759 

Hydrazine Azide, % 

24.38 

Water, % 

Trace 


No. of Particles 
Per 100 ml 

6-10 microns 

11-25 microns 

26 - 50 microns 

51 -100 microns 

101 -250 microns 

Fibers 

Non-Volatile Residue mg/100 

Element 

Fe 

Ni 

Cr 


(Ref. 2) 

Spec. Limits Analysis 


9700 Max 

1220 

2680 Max 

486 

380 Max 

130 

56 Max 

16 

5 Max 

5 

None 

None 


ml - 392.0 

Analysis, ppm 
44.8 
7.68 
12.72 
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Table 12. Analysis of Anhydrous Ammonia 


Ammonia, % 

99.99 Min 

Non-Basic Gas in Vapor Phase 

25 ppm Max 

Non-Basic Gas in Liquid Phase 

10 ppm Max 

Water 

33 ppm Max 

Oil (as soluble in petroleum ether) 

2 ppm Max 

Salt (calculated as NaCl) 

None 


Pyridine, Hydrogen Sulfide, Napthalene 


None 



The NVR contents of hydrazine, Aerozine-50 and MMH were normal for 
these propellants. However, the high NVR content of the azide blend 
indicated that the propellant was contaminated. The non-volatile 
residues of the four propellants were extracted with 3N HC1 and subjected 
to atomic adsorption analyses for iron, nickel and chromium (major storage 
vessel constituents). The metallic contaminant level of the azide blend 
(Table 11) was 100 to 200 times that of MIL-grade hydrazine (Table 8). 
Although hydrazine-hydrazine azide propellants are more reactive than 
hydrazine, the large difference in contaminant levels should be viewed 
with caution. The hydrazine test system and storage containers used 
during the evaluation test p.-„ ram phase were maintained at the highest 
cleanliness levels applicable to TRW flight-oriented programs. The 
hydrazine-hydrazine azide blend had been used on a previous program where 
the cleanliness levels, storage and handling methods were less stringent. 
The high azide blend contaminant level may have been due to prior handling. 

4.2 PROPELLANT CHARACTERIZATION 
4.2.1 Baseline Hydrazine Performance 

Performance characterization and baseline testing with MIL-grade 
hydrazine were performed on five demonstration thrusters prior to 
operation with the candidate monopropellants. These baseline configura- 
tions (Figure 9) contained sixty 0.5 cm dia. platinum screens (52 mesh, 

0.1 mm wire diameter) and one 0.5 cm dia. Haynes 25 retaining screen 
(40 mesh, 0.28 mm wire diameter). 

The pulsed-mode and steady-state performance characteristics for 
one baseline thruster configuration are presented in Figures 21 and 22, 
respectively. The steady-state data were taken at maximum operating 
temperatures which varied between 1213 and 1238°K over the range of Inlet 
pressures studied. The nominal design thrust of 0.333 N at 1.724 MN/m^ 
feed pressure was met by a delivered thrust of 0.32 N. Chamber pressure 
roughness (thrust variation) varied from + 3% to + 6% among the five 
baseline thrusters. The design requirement of + 7.8% thrust variation 
was easily met. The specific impulse variation between the five baseline 
thrusters was negligible. Larger variation In thrust and chamber pressure 
levels were noticed due to different Injector flow tube characteristics. 
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One demonstration thruster was disassembled after baseline testing 
to examine the internal thrust chamber components. This provided a 
reference point for post-test examinations following operation with 
other propellants. All interior components revealed minimal reaction 
with the combustion products. The screen pack remained intact within 
the sleeve. A dark deposit was noticed on the middle of the top platinum 
screens (those nearest the injector). Low magnification photomicrographs 
of Figure 23 reveal this deposit. The Haynes 25 screen at the bottom of 
the pack assembly (nearest nozzle) retained its structural and chemical 
integrity. The platinum screen pack deposit was subjected to electron- 
probe microanalysis. A backscattered electron micrograph of the top 
platinum screen center appears in Figure 24. A spectral analysis of the 
X-rays emitted when the electron beam was positioned directly on the 
deposit revealed that the major contaminants were Fe, Ni and Cr. The 
relative intensity of elements present are summarized In Table 13. The 
Fe content in the screen center was approximately four to five times 
that measured on the outer periphery of the top screen. An iron X-ray 
image, Figure 25, confirmed that the iron detected by the spectral analy- 
sis was localized on the platinum screen (Figures 24 and 25 are of the 
same region). The region of highest contamination is at the lower right 
of each figure. 

A spectral analysis of the bottom Haynes 25 retaining screen revealed 
the presence of W, NI, Co, Fe, Cr, Mn and Si. The Intensity of Fe-K a 
radiation from the Haynes 25 screen was considerably smaller than that 
obtained from the top platinum screen. Iron was present on both screen 
materials in a disproportionate amount to that possibly present in Haynes 
25. The presence of T1 on the top screen deposit Indicated that the cause 
was not due to propellant attack and corrosion of the Haynes 25 thruster 
materials. The logical sources of contamination were the stainless steel 
storage vessels, feed lines, filters and propellant valves. The nominal 
compositions of stainless steels used for propellant handling is given 
in Table 14. Haynes 25 is also Included. 
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Table 13. Spectral Analysis of Platinum Screen Deposit 
Relative X-Ray Intensity 


Strong 

Medium 

Weak 

Trace 

f 

Fe 

Cr 

Ti 

Ca 


Ni 


Co 

Si 



NOTE: Carbon below instrument detection limits. 
Oxygen below Instrument detection limits. 
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Figure 2b. Iron ^ X-Ray Image of the 

Top Platinum Screen Center 
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The mechanism of the storage vessel material dissolution Into 
hydrazine has not been well defined. However, a very likely cause Is 
the presence of carbazlc acid In propellant grade hydrazine. Carbazic 
acid can react to form metal or hydrazine saUs, e.g., (NgH^COO)^ Fe 
and ^HjCOO^Hg. These salts will be present as residues after propel- 
lant vaporization. The salt residue may undergo subsequent decomposi- 
tion at the high thruster operating temperatures. This would result 
In a highly localized metallic concentration. 

4.2.2 Preliminary Sea-Level Operation With Selected Monopropellants 

This section presents the operating characteristics of hydrazine- 
hydrazine azide, Aerozine-50 and monomethyl hydrazine with the baseline 
thruster configuration. Initial tests with these three propellants were 
performed under sea-level conditions. Initial characterization tests 
with 50% MMH-50% and MHM were performed during the later stages of 
the evaluation test program with thruster configurations derived from 
satisfactory operation with Aerozine-50. The test results with these 
propellants are Included in the performance measurements section. 

Hydrazine-Hydrazine Azide 

A total of 23.5 minutes steady-state operation was accumulated before 
testing was terminated by an injector failure (revealed by post-test 
inspection). The thruster exhibited metastable operation during this 
period. This mode is Illustrated by the chamber pressure trace in Figure 
26. Ignition at the holding temperature of 1000°K was very erratic. The 
large chamber pressure fluctuations were significantly reduced when the 
energy supplied by decomposition raised the thruster temperature to 1155‘K. 
Chamber pressure roughness continued to decrease with time. High speed 
oscillograph chamber pressure traces reproduced In Figure 27 Illustrate 
the roughness decrease. 

Stable operation could not be achieved at Injection pressures above 

2 2 
0.83 Wt/m . The Injection pressure was reduced to 0.72 MN/m and an 

additional 18 minutes steady-state time was accumulated when an abrupt 

loss of chamber pressure occurred. Operation during this period was 
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Figure 26. Preliminary Sea-Level Steady- 
State Operation with 76 Percent 

Hydrazine 24 Percent 

Hydrazine Azide 
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Figure 27. Steady-State Oscillograph Chamber Pressure Traces at 
Times Corresponding to Those of Figure 26 



characterized by smooth and very rough behavior. The chamber pressure 
trace just prior to and at injector failure is shown in Figure 28. 

Post-test inspection revealed that the injector ruptured at the first 
portion of the thermal relief bend (Figure 29). 

Disassembly of the thruster revealed a considerable amount of screen 
pack rearrangement and compaction (Figure 30). A two-zoned contamination 
region is indicated in the plan view (Figure 30a). The individual screen 
wires were bent and kinked from their original geometry. The oblique 
view in Figure 30b illustrates the screen pack compaction. These effects 
were caused by the large chamber pressure fluctuations which occurred 
during unstable operation. Negligible chamber corrosion was observed. 

An interior view of the nozzle end appears -i n Figure 31. The Haynes 25 
retaining screen (Figure 31b) remained intact during testing. 

An electron microprobe analysis of the post- test screen pack condition 
indicated that the major contaminant was iron. A backscattered electron 
image of the central area of Figure 30a appears in Figure 32. An Fe-K^ 
X-ray image of the same area is shown in Figure 33. A spectral analysis 
also revealed the presence of chromium, nickel and cobalt. The iron 
content was significantly higher than that observed on the screen pack 
following operation with hydrazine. 

Aerozine-50 

A total of seven minutes steady-state operation was accumulated 

with the baseline thruster configuration. Injection pressures were 

varied between 0.31 and 1.03 MN/m , and Initial holding temperatures of 

993 and 1073°K were used. The thruster exhibited stable operation 

under all test conditions. Ignition could not be sustained for any 

2 

reasonable length of time with injection pressures above 0.31 MN/m 

at either holding temperature. Chamber pressure (P ) traces during 

steady-state operation are Illustrated in Figure 34 for an Injection 

2 

pressure of 1.03 MN/m and holding temperatures of 993 and 1073°K, 
respectively. Large chamber pressure fluctuations were absent. The 
gradual decrease In P after two seconds run time was accompanied by 
a decrease in thruster temperature (monitored visually on digital 
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Figure 28. Oscillograph Trace of Chamber Pressure Prior 
to and at Injector Failure 









(b) Haynes 25 Retaining Screen 


Figure 31. Downstream Thrust Chamber Components of Thruster 
Operated on 76 Percent Hydrazine - 24 Percent 
Hydrazine Azide 





Figure 32. Backscattered Electron Image of the Top 
Platinum Screen Center from Thruster 
Operated With Hydrazine-Hydrazine Azide 
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readout). Limited decomposition occurred at a low injection pressure 
2 

of 0.31 MN/m for about 45 seconds before the thruster temperatures 
were observed to decrease. 

Post-test thruster disassembly and inspection revealed neg.igible 
chamber corrosion. Carbon deposition was not observed on the chamber 
walls or in the nozzle section. No evidence of carbon deposition was 
noticed on the platinum screens. The bottom Haynes 25 retainina screen 
had a dark deposit buildup. The top and bottom portions of the screen 
pack appear in Figure 35. X-ray imaging in the electron microprobe 
confirmed that the deposit on the retaining screen was carbon. 

Monomethyl hydrazine 

Preliminary sea-level steady-state operation with MMH was similar 
to that with Aerozine-50. The rate of decrease in thruster temperature 
was more severe than that with Aerozine-50. This rapid performance 
degradation is illustrated in Figure 36. Screen pack flooding also 
occurred at lower injection pressures and higher holding temperatures. 
The only difference was the time required to produce the same level of 
thruster quench. These steady-state tests were terminated prior to the 
condition of liquid propellant flow through the nozzle. The total 
steady-state operation amounted to about five minutes. 

The thruster was pulsed (50 ms pulse, one pulse per second) with 

2 

an Injection pressure of 0.34 W/m and holding temperatures of 1000, 
1061 and 1144°K # respectively. Two hundred pulses were accumulated at 
holding temperatures of 1000 and 1061°K (one hundred each). There were 
no Indications of abnormal operation at these temperatures. Rapid 
chamber pressure degradation occurred after ten pulses at the high 
holding temperature of 1144°K, Post-test inspection revealed that the 
Injector was plugged with carbon. Thermal soakback between pulses was 
sufficient to cause vaporization and decomposition In the injector. 

No carbon deposits were observed on any of the interior thrust chamber 
surfaces . 
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(a) Top Platinum Screens, 20X 



(b) Haynes 25 Retaining Screen, 20X 


Figure 35. Aerozine-50 Post Test Screen Pack Appearance 

I 
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4.3 VARIABLE THRUSTER CONFIGURATIONS 


The initial characteri zati on tests (Section 4.2) indicated that thj 
baseline thruster configuration was marginal for stable operation with 
the azide blend and inadequate for operation with the carbonaceous pro- 
pellants (AERO- 50, MMH). 

All thruster modifications were performed by changing the internal 
screen pack geometry. A series of tests with the azide blend were per- 
formed to determine the relationship between stable modes of operation, 
screen pack density and characteristic chamber length, L*. Unstable 
operation was promoted by increases in L* and screen pack density. A 
configuration using a variable density screen pack produced stable 
operation and was used for the high altitude performance measurements. 

The "flooding" characteristics of propellants containing UDMH and 
MMH clearly indicated that the thrust chamber residence times were too 
short with the baseline configuration. Longer and/or higher density 
screen pack assemblies were necessary to satisfy the heat transfer 
requirements for sustained steady-state operation. 

Each variable thruster configuration was also performance tested 
with MIL-grade hydrazine. A substantial amount of hydrazine data was 
gathered during these tesu. Although the primary objective of the 
monopropellant study it.cn herein was to Investigate propellants 
other than hydrazine, the aforementioned hydrazine data was significant 
enough to warrant a complete analysis. 

4.4 PERFORMANCE MEASUREMENTS 
4.4.1 Hydrazine-Hydrazine Azide 

The unstable operation which led to an injector failure with the 
baseline thruster configuration indicated that undecomposed propellant 
traversed a considerable distance into the screen pack. Subsequent 
decomposition of this propellant caused a pressure wave front to rapidly 
move towards the Injector end of the thruster. The Intensity of this 
wave front promoted rapid decomposition of propellant remaining in the 
head space. The end result of this process was a large pressure spike. 
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An empirical test series indicated that the head space "reactivity" 
controlled the overall thruster performance. A configuration using a 
variable density screen pack reduced the head space "reactivity." 

Sixty screens were packed in a 0.5 cm sleeve with the packing density 
st the head end approximately twice that at the nozzle end. This con- 
figuration resulted in a holding temperature reduction of 75°K from the 
preliminary level of 998°K. 

Performance measurements with hydrazine for this thruster configura- 
tion were similar to the original baseline configuration. Values of 
delivered specific impulse were five percent lower. Steady-state per- 
formance measurements for the azide blend are given in Fiqure 37. A 
higher holding temperature of 923°K was used after the ignition charac- 
teristics were rough at a holding temperature of 810°K. Chamber pressure 

2 

roughness varied teem + 9% at 1.034 MN/m injection pressure to + 15% at 

2 

1.724 MN/m injection pressure. Operation at the high injection pressure 
2 

of 2.413 MN/m resulted in metastable operation similar to that obtained 
with the baseline configuration. The data at this injection pressure 
are approximate. The pulsed-mode performance characteristics are pre- 
sented in Figure 38. The low value of delivered specific impulse and 
large rise time to 9 , P c for the 50 ms pulse indicated that vaporization 
and/or ''scon*" c ition was occurring in the feed tube. 

4.4.2 Aerozine-50 

The thrust chamber residence times were increased by a high density 

screen park (larger pressure drop). Eighty platinum screens were packed 

into a 0.5 cm sleeve. Thirty minutes sustained steady-state ignition 

was obtained using Aerozine-50 with the modified screen pack. An injection 

2 

pressure of 1.034 MN/m and a holding temperature of 810°K were used. The 

2 

chamber pressure roughness was + 3.5% at an average value of 0.637 MN/m . 
The chamber temperature rose to 977°K. The steady-state test was termina- 
ted when response from the chamber pressure transduce* became sluggish. 

At this time, however, the thruster was still operating in a normal mode 
as judged from the chamber temperature traces. The thruster was removed 
froi; the test stcna and disassembled. The slow transducer response was 
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caused by a thin layer of carbon buildup in the nozzle section. The 

nozzle section is shown in Figures 39a and 39b as internal and external 

views, respectively. The nozzle throat showed no evidence of carbon 

accumulation; the pre and post-test diameters werp identical. Carbon 

deposits were also observed on the walls of the head space and within 

the screen pack. The injector showed no signs of carbon buildup. The I 

carbon deposited in the form of a fine powder. 

Steady-state performance parameters for Aerozine-50 are compared 
to those for hydrazine in Figure 40 with the modified thruster configura- 
tion. Temperature measurements indicated that considerable decomposition 
was occurring near the nozzle. The nozzle block and chamber head temper- 
atures were 1061°K and 1027°K, respectively (injection pressure was 1.724 
2 

MN/m ). The corresponding nozzle and head temperatures for operation with ! 

hydrazine were 1205°K and 1239°K, respectively. Chamber pressure rough- 
ness was + 7% for hydrazine and + 6% for Aerozine-50. 

The pulsed-mode performance of hydrazine versus Aerozine-50 appears 

in Figure 41. The operating parameters for these data were injection 

2 

pressure = 1.724 MN/m ; holding temperature = 810°K; pulse rate = one per 
second. The maximum thruster temperatures are indicated at each datum 
point. An oscillograph recording of the pulsed-mode analog data is 
reproduced in Figure 42 for a 100 ms pulse. The rise and decay times to 
90% and 10% P c were 28 ms and 75 ms, respectively. A 42 ms centroid 
shift from the command pulse was calculated. 

Post-test disassembly and inspection revealed a similar level of 
carbon deposition as was observed after sea-level testing. . 

4.4.3 Monomethyl hydrazi ne 

Longer thrust chamber residence times were required for MMH than 
for UDMH. A 1.02 cm sleeve was packed with 160 platinum screens to 
provide a higher pressure drop. An additional heater element was wrapped 
around the longer sleeve to prevent temperature gradients along the 
thruster assembly. A separate power supply was used to equalize the 
temperature distribution. Steady-state operation was marginal at a 
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Pressure Tap 




(b) Exterior View of Nozzle Section 


Figure 39. Pcst-Test Appearance of Nozzle Section 
From Thruster Operated 30 Minutes 
Steady-State With Aerozine-50 
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Figure 40. Steady-State Performance Measurements 
With Aerozine-50 
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INJECTION PRESSURE = 1.724 MN/m 2 
HOLDING TEMPERATURE = 810°K 
PULSE RATE = ONE PER SECOND 



PULSE WIDTH, ms 
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rigure 42. Aerozine-50 Pulsed .'iode Anal on Data Recording 
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holding temperature of 1198°K and an injection pressure of 1.034 MN/m . 

The nozzle section temperature rose to 1263°K and the head section 

quenched to 773°K after five minutes of operation. Longer run times / 

resulted in "flooding." Prior to this condition, the thrust level was 

154 mN with a delivered specific impulse of 229 sec. 

Hydrazine was mixed in a 1:1 ratio with MMH in order to reduce the 
high holding temperatures necessary to initiate MMH decomposition. Two 
screen pack configurations were used. One configuration was similar to 
that used with MMH. The 1.02 cm sleeve was packed with 180 screens. 

The seco" 1 thruster had 360 screens packed in a 2.54 cm sleeve. Marginal 
steady-state decomposition was obtained at a lower holdinq temperature of 
1033°K with the former thruster configuration. The thruster's temperaturs- 
time history indicated that the decomposition front was towards the nozzle 
end. Sustained steady-state decomposition was obtained for ten minutes 

with the long (2.54 cm) screen pack assembly at a hololng temperature of 

2 

1033°K and an injection pressure of 1.034 MN/m . Thrust and chamber 
pressure degradation were noticed after ten minutes. The thrust decreased 
from 168 mN to 52 mN. The specific impulse decreased from 221 sec to 207 
sec. A decrease in thruster temperature from 1 1 43°K to 1083°K was recorded. 

During thrust degradation, the primary decomposition front appeared to move 
from the middle of the screen pack to the head end. These observations 
indicated that a high pressure drop was created in the nozzle section. 

Post-test inspection revealed a substantial carbon deposit or the Haynes 
25 retaining screen. Heavy carbon deposits were not noticed elsewhere 
on the Internal thrust chamber components. Pre- and post-test injector 
water flow characteristics were Identical. It was concluded that the 
thrust degradation was caused by carbon buildup on the Haynes 25 retaining 
screen. 

Limited pulsed-mode data was obtained for the 50/50 NgH^-MMH mixture 

with the 2.54 cm screen pack. A specific Impulse of 171 sec was obtained 

for a 100 ms pulse at a holding temperature of 1033°K and an injection 

2 

pressure of 1.034 MN/m . The pulse rate was one per second* the thruster 
temperature rose to 1089°K. 
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4.4.4 Mixture of Hydrazine Monopropellants 

The MHM blend was the last propellant investigated during the a valua- 
tlon test program. Previous tests with Aerozine-50, MMH and the N 2 H 4 - MMH 
mixture indicated that worthwhile data would not be obtained using the 
baseline thruster configuration. Accordingly, longer screen pack assem- 
blies were used to characterize the MHM blend. The 180 screen, 1.02 cm 
sleeve was used to obtain data for comparison with MMH and 50% - 50% 

MMH. The final configuration consisted of 400 screens in a 2.54 cm sleeve. 
Both thruster configurations were steady-state baseline tested with 
hydrazine. 

A holding temperature of 1143°K was necessary :o sustain MHM decom- 
position with the shorter screen pack (180 screens, 1.02 cm sleeve) at an 

2 

injection pressure of 0.965 MN/m . Operation at higher Injection pressures 

resulted in "flooding." The steady-state data in Figure 43 shows perfor- 

2 

mance degradation at an injection pressure of 1.655 MN/m . The nozzle and 
head section temperatures remained at the holding temperature while the 
middle screen pack temperature rose to 1223°K. Fifteen minutes steady- 
state operation was accumulated with the 1.02 cm screen pack. Post- test 
disassembly revealed a minimal amount of carbon deposition. Carbon accumu- 
lation was not observed in the head space or on the platinum screens. 

Little to no carbon was noticed in the nozzle section. However, a small 
deposit was noticed on the Haynes 25 retaining screen. 

Operation with the 2.54 cm sleeve containing 400 platinum screens 

resulted in a reduced holding temperature necessary to initiate and sustain 

WM decomposition. The holding temperature was reduced from 1143°K to 

1033°K. The maximum thruster temperature (1094°K) at an Injection pressure 
2 

of 1.034 MN/m occurred at the middle of the screen pack. The decomposition 

front moved towards the nozzle section as the injection pressure was in- 

2 

creased. At 1.724 MN/m Injection pressure, marginal operation resulted. 

At higher injection pressures, decomposition could not be maintained and 
"flooding" occurred. Post- test thruster inspection revealed little carbon 
deposition. Steady-state performance data for the 2.54 cm screen pack 
configuration appears in Figure 44. Pulsed-mode data at an injection 
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INLET PRESSURE, M/m 2 


Figure 44. mm Steady-State Performance With 
2.54 cm Screen Pack 
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pressure of 0.81 MN/m were obtained for pulse widths of 75 and 100 ms. 
The delivered specific Impulse at 75 ms was 162 sec and 173 sec for the 
100 ms pulse. The rise and decay times were slightly longer than those 
observed for Aerozlne-50. 
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5.0 DISCUSSION 

5.1 PERFORMANCE CORRELATION 

The steady-state and pulsed-mode hydrazine performance characteristics / 

for the standard 60 screen 0.5 cm sleeve were comparable to those obtained 
with the EHT.^ The additional thrust chamber and nozzle mass associated 
with the modular, three piece design increased the times to reach holding 
and steady-state temperatures. Holding power levels of 8 to 9.1 watts 
were required to maintain the thruster temperature at 810°K under simulated 
high altitude conditions. The power requirement for a flight configuration 
thruster with proper insulation, no pressure tap and only one heater lead 
has been previously demonstrated to ' less than 5 watts. ^ 

The general steady-state ?erformance levels predicted by the propel- 
lant chemistry studies were verified during the evaluation test prorram. 

An exception was the datum point for WH at an injection pressure of 1.034 
Wi/m . The high holding temperature (1198°K) resulted In a somewhat in- 
flated specific impulse value (228 seconds). A more precise correlati 
between the thermochemical computations and measured performance levels is 
difficult to assess, especially with the carbonaceous propellants. Compu- 
tations based on equilibrium thermodynamics cannot describe the thruster's 
kinetic environment. The concept of frozen *low has benefited the under- 
standing of hydrazine thruster performance (the hydrazine decomposition 
product compositions and phases are arbitrarily fixed and no consideration 
Is given to equilibrium). Attempts to correlate similar computations with 
carbonaceous monopropellant performance have not been successful. 

A comparison of the delivered steady-state specific Impulse fur the 
candidate monopropellants is presented In Figure 45. The configurations 
and holding temperatures for each propellant are summarized. Reference 
data for hydrazine are Included. The steady-state program goal of 20G 
sec specific Impulse was met by all propellants studied. A similar cot- 
parlson of the pulsed-mode specific Impulse appears in Figure 46. The 
pulsed-mode performance levels are best assessed by comparing the ratio 
of pulsed-mode specific Impulse to steady-state specific Impulse at 
comparable Injection pressures. Data for four propellants at pulse widths 
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CONFIGURATION 

HOLDING 

PROPELLANT 

SCREENS 

SLEEVE LENGTH, CM 

TEMPERATURE 

Azide 

60 

0.5 

923 

AER0-50 

80 

0.5 

810 

MHM 

400 

2.54 

1033 

50 N, 'i - 50 MMH 

360 

2.54 

1033 

L 4 



"MH 

160 

1.02 

1198 

V u 

<: h 4 

60 

0.5 

810 






Figure 45. Steady-State Performance Data of Five 
Candidate Monopropellants 





SPECIFIC IMPULSE, SEC 


PROPELLANT 

INJECTION PRESSURE HOLDING TEMPERATURE 
MN/m 2 °K 

HA 

1.724 

923 

MHM 

0.807 

1033 

AER0-50 

1.034 

810 

N 2 H 4 - 50 MMH 

1.034 

1033 

Hydrazine 

1.724 

810 


(PULSE RATE = 

ONE PER SECOND) 


Azide 


AER0-50 


MHM 


Im¥!1 


PULSE-WIDTH, ms 

Figure 40, Pulsed-Mode Performance Data of Four 
Candidate Monopropellants 





of 75 and 100 ms appear in Table 15. These data indicate that the nu'lsed- 
mode performance of the azide blend is sliqhtly better than that obtained 
with hydrazine when compared to the steady-state levels. The high density 
and long screen pack assemblies compromised the MHM and Aerozine-50 pulsed- 
mode performance. Thrusters using shorter screen pack assemblies pulsed 
well but steady-state operation could not be sustained. Longer or higher 
density screen pack assemblies were required to satisfy the heat transfer 
conditions necessary to initiate decomposition of the carbonaceous propel- 
lants. The ease of initiating decomposition decreased in the following 
order: Aerozine-50, 50% N 2 H 4 -50% MMH, MHM and MMH. 

5.2 DECOMPOSITION KINETICS 

The thermal decomposition kinetics of the propellants evaluated 
during the test program phase are discussed in this section. The discussion 
is based on the operation of these propellants with the electrothermal 
thruster concept. The thermal decomposition of hydrazine is first discussed 
as a reference for comparison. Hydrazine performance data with the variable 
thruster configurations are also presented and analyzed in detail. 

5.2.1 Hydrazine 

The following sequence of events describe the operation of TRW's 
electrothermal hydrazine thruster: 

1. Liquid hydrazine is admitted to the injector at thruster 
valve actuation. The injection design eliminates two- 
phase flow conditions by maintaining high propellant 
velocities and suppressing heat transfer from the chamber 
to the injector (commonly called "soak-back"). 

2. The liquid propellant stream impinges on the heated screen 
pack. The screen pack provides the initial energy for 
propellant vaporization and decomposition. It also serves 
as an optical barrier by eliminating a line of sight from 
the injector to the propulsive nozzle, and as a "flame- 
holder" to provide steady-state stability. 
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Table 15. Comparison of Pulsed-Mode to Steady-State Specific Impulse 


Rat’o of Pulsed-Mode to 
Steady-State Specific Impulse 

Propellant 75 ms 100 ms Remarks 


Hydrazine - 
Hydrazine Azide 

0.853 

0.895 

Short Screen Pack 

Hydrazine 

0.847 

0.884 

Short Screen Pack 

Aerozine-50 

0.766 

0.804 

High Density Screen 
Pack 

MHM 

0.773 

0.829 

Long Screen Pack 
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3. Hydrazine vapor decomposition is heterogeneously initiated 
by thermal excitation and the catalytic effect of the 
screen pack. 

4. Decomposition is maintained by the energy release of the 
dissociation of hydrazine. The thruster design incorporates 
a large head space in the vicinity of the Dropellant injec- 
tor. This head space promotes a toroidal recirculation of 
hot decomposition gases which enables a substantial amount 
of energy to be transferred to the incoming propellant 
stream. Th? hot gas recirculation also provides for a 
uniform distribution of propellant over the screen pack 
surface. 

Hydrazine decomposition is often described by the reaction (Equation 

1 ) 

3N 2 H 4 *-4(1 -a) NH 3 + (2a + 1) N 2 + 6aH 2 

where a is the ammonia dissociation fraction. The products of Equation 
(1) (NH^, N 2 , H 2 ) are the end result of the decomposition process and may 
be measured quantitatively in the thruster exhaust. The ammonia dissocia- 
tion fraction, a, is computed and the measured performance level is compared 
to the thermochemical computations. Unfortunately, Equation (1) yields no 
information about the actual kinetic processes occurring within the thruster. 
Design changes proposed to improve or optimize thruster performance require 
an understanding of the internal kinetic environment. A technique to couple 
the chemical kinetic rate equations to the modes of thruster operation has 
not been devised. A simplified approach is used to explain the observed de- 
composition characteristics of the monopropellants tested. 

The decomposition of hydrazine and hydrazine-like propellant begins 
by an endothermic process although the end result is the liberation of 
substantial amounts of energy. The temperature dependence of a homogeneous, 
gas phase reaction rate may be expressed by an Arrhenius relationship of 
the form 



where 


k^ = specific reaction rate constant 
= frequency factor 

Q h - activation energy of the rate-controlling process 
R = universal gas constant 
T = absolute temperature 

and the subscript h refers to the homogeneous process. A similar relation- 
ship may be written for a heterogeneous process as 



where the terms are analogous to those of Equation (3) with the subscript 

het referring to the heterogeneous reaction. Table 16 lists Arrhenius 

parameters for the homogeneous initiation reactions of hydrazine, MMH and 

4 

UDMH. The frequency factor, A hgt , may be estimated at approximately 10 
for a smooth surface. The role of the screen pack in assisting the initial 
propellant decomposition is assessed by a comparison of the relative hetero- 
geneous and homogeneous rates. The ratio of these two rates is given by 

k het _ A het ^h " ^het\ / 5 x 

HkjJ - “SjJ” exp V — R? ) {5) 

Table 16. Arrhenius Parameters for the Homogeneous 

Decomposition of Hydrazine, MMH and UDMH^ 


Propellant 

Initiation Reaction 

[ 

Frequency Factor 
A 

Activation Enerqy 
0,Kcal/mole 

Hydrazine 

H 2 H 4 — 2 HN 2 

4.98 x 10 16 

71.2 

MMH 

ch 3 nhnh 2 — ch 3 nh + NH 2 

5.01 x 10 16 

63.8 

UDMH 

(ch 3 ) 2 nnh 2 — (ch 3 ) 2 n + NH 2 

7.94 x 10 16 

62.7 
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The heterogeneous rate refers to a surface to volume ratio of unity and 
the homogeneous rate refers to a unit volume of the reacting propellant. 

The heterogeneous activation energy, Q het * is the homoqeneous activation 
energy, reduced by the heat of adsorption of the reaction propellant 
The energy of a strongly absorbed specie can be as hiqh as 40 Kcal/mole. 

The rate ratio for hydrazine, using the data from Table 16 is 

= 2.51 x 10" 3 exp 
K h 

Equation (6) is plotted in Figure 47 to indicate the temperature ^enion 
over which catalytic effects are expected to contribute to the decomposi- 
tion initiation process. Prior to propellant injection, the thruster is 
maintained at a holding temperature of approximately 773°K. The initial 
propellant slug impinging on the screen pack has its temperature raised 
to approximately 523°K. The rate ratio from Equation (6) is about 10 4 . 

The corresponding homogeneous rate at 523°K is, from Equation (3), 7 x 1Q“ 14 . 
This slight acceleration in reaction rate is sufficient to prevent propellant 
"channeling" through the screen pack. An incremental penetration into the 
screen pack is associated with a reqion of higher temperature resultino from 
the energy liberated by the initial molecular decomposition. A thermo- 
kinetic barrier is created to prevent subsequent propellant penetration. 

A necessary condition for establishment of this barrier is that the first 
and second derivatives of temperature with respect to screen pack distance 
are positive, i.e. , 

> 0, > 0 (7) 

ox dx <: 

Specification of the sufficient condition requires that: (1) the kinetic 

reaction rates are accelerated to the extent that the heat released by 
decomposition is equal to or greater than that required for propellant 
vaporization; and (2) that the heat is made available for the vaporization 
process. "Flooding" will eventually occur if only sufficient condition 1 
is met. The thermo-kinetic barrier will be established and will move 
backwards towards the Injector end if the heat released by decomposition 
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Figure 47. Comparison of Heterogeneous and Homogeneous Reaction Rates 





exceeds that required by vaporization (assuming sufficient condition 2 Is 
satisfied) . 

The transition from Initiating decomposition through barrier estab- 
lishment to true steady-state ignition Is accompanied by high frequency 
chamber pressure oscillations at propellant Injection and a final chamber 
pressure Increases over the nominal steady-state value (overshoot). This 
transient period, commonly called "cook-off," occurs within a few milli- 
seconds. This mode of electrothermal thruster operation Is significant 
for the following reasons: 

• Homogeneous decomposition kinetics are promoted In the head 
space with a resultant increase in delivered performance. 

• The energy liberated by propellant decomposition Is made 
available to vaporize and Initiate decomposition of a sub- 
stantial amount of propellant In the head space. 

• Chamber pressure roughness (thrust variation) Is greatly 
attenuated during steady-state operation and the pulsed- 
mode Impulse-bit levels and reproducibility are better 
than those of other small monopropellant thrusters. 

The steady-state hydrazine performance data for four thruster conf^gu 
rations are presented In Figure 48. The baseline thruster configuration 
(Figure 9) gave non-optlmal hydrazine performance. Performance levels 
were Increased by providing an additional 0.25 cm head space length. The 
two configurations yielding the lowest performance levels had the standard 
head space, but contained 180 to 400 platinum screens packed In sleeves up 
to 2.54 cm length. The pulsed-mode performance levels of the baseline 
versus the large head space configuration are shown In Figure 49. The 
maximum chamber temperatures at a pulse rate of one per second are Indi- 
cated at each datum point. The holding temperature (810°K) and Injection 
pressure (1.724 MN/m ) were Identical for each configuration. 

Two effects are responsible for the differences In hydrazine perfor- 
mance presented In Figures 48 and 49. They are: 
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SPECIFIC IMPULSE, SEC 


SYMBOL 


CONFIGURATION 


LARGE HEAD, 60 SCREENS, 0.5 cm PACK 
BASELINE, 60 SCREENS, 0.5 cm PACK 
BASELINE, 180 SCREENS, 1.02 cm PACK 
BASELINE, 400 SCREENS, 2.54 cm PACK 



INLET PRESSURE, MN/m 2 


Figure 48. Configurational Hydrazine 

Performance Data, Steady-State 
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SPECIFIC IMPULSE, SEC 


»~ 


V 


INJECTION PRESSURE = 1.724 MN/m 2 
HOLDING TEMPERATURE « 810°K 
PULSE RATE - ONE PER SECOND 



Figure 49. Configurational Hydrazine 

Performance Data, Pulsed-Mode 
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1. Homogeneous hydrazine decomposition with the subsequent 
heterogeneous dissociation of ammonia (large head and 
long screen packs). 

2. Heterogeneous hydrazine decomposition which accelerates 
ammonia dissociation plus the subsequent heterogeneous 
dissociation of ammonia (baseline). 

The higher performance levels of the large head space thruster were caused 
by promoting homogeneous hydrazine decomposition in a free volume. The 
fraction of ammonia produced by a pure homogeneous process Is solely a 
function of the reaction temperature. The homoqeneous dissociation of 
ammonia does not occur In any appreciable quantity below 1400°K^*®) for 
typical thruster residence times. Ammonia dissociation In the electro- 
thermal *hruster is initiated by the platinum screens and other thrust 
chamber materials. A high catalytlcally active material such as Shell 
405 will produce a 50% ammonia dissociation level at temperatures as low 
as 700°K.^ A quantitative estimate of the activity level of platinum 
for ammonia dissociation In the electrothermal thruster geometry Is not 
presently available. The effect of screen pack length on the endothermic 
dissociation of ammonia Is readily seen by the thruster temperature dis- 
tributions In Figure 50. The long screen pack assemblies produced a 
higher thrust chamber pressure drop which also promoted homogeneous 
decomposition kinetics In the head space. Temperature data for four con- 
figurations are compared In Table 17. The nominal difference between the 
head and nozzle temperatures was 30°K for the baseline (60 screen) con- 
figuration. The corresponding difference for the 400 screen thruster was 
200°K. Only a small portion of the "heat loss" may be attributed to 
thermal conduction and radiation effects. The major portion represents 
heat expended to dissociate ammonia. The resultant perform*. . ce loss Is 
seen In Figure 48 and Table 17. 

Decomposition In the baseline configuration was mixed-mode. The data 
suggested that althouqh partial homogeneous kinetics occurred In the head 
space* heterogeneous decomposition was taking place within the screen pack. 
A higher fraction of ammonia can be dissociated when the heat liberated 
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Table 17. Configurational Hydrazine Performance Data (Steady-State) 
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from hydrazine decomposition occurs near a catalytically active material. 
The localized decomposition process removes heat that would normally 
Increase the reaction product enthalpy. The net result is macroscopically 
observed as a performance loss. 

5.2.2 Carbonaceous Propellants 

An apparent paradox is created when the thruster performance with 
propellants containing UDMH or MMH is compared to that of hydrazine. 
Thermo-chemical computations predict similar levels of performance; 
homogeneous reaction kinetics are faster for UDMH and MMH than for hydra- 
zine; the formation and vaporization energies of the three propellants 
are similar. Steady-state operation of the carbonaceous propellants with 
the baseline thruster configuration resulted in "flooding." Little or no 
decomposition occurred during such tests. Longer thrust chamber residence 
times and higher thermal input levels (holding temperatures) were required 
to Initiate and sustain decomposition of the carbonaceous propellants. 

This paradox is resolved by consideration of the kinetic model presented 
for hydrazine decomposition. Three cases are presented; 

1. MMH decomposition. Worst case operating conditions were 
experienced (highest holding temperature). 

2. Mixtures of hydrazine with MMH and UDMH. The role of 
hydrazine Is discussed. 

3. Mixture of hydrazine monopropellants (MHM). The role of 
ammonia Is explained. 

An evaluation of carbon accumulation follows discussion of the above 
cases. 

MHM Decomposition 

The "flooding" phenomena experienced with MMH during early thruster 
tests is represented schematically In Figure 51. The temperature-time 
history, Figure 51a, Illustrates the general thermal degradation. The 
head temperature would decrease Immediately at propellant valve actuation. 
The nozzle temperature would remain at or near the holding temperature 
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Figure 51. 





for a few seconds and then decrease. Continued operation in this mode 
would eventually produce liquid expulsion throuqh the nozzle. The 
processes occurring within the thruster are explained below with reference 
to Figure 51b: 

1. Propellant is admitted to the thrust chamber. A limited 
amount of vaporization occurs. 

2. Propellant contacts the screen pack. Energy stored by 
the platinum screens is utilized to continue the vapori- 
zation process and supply a limited amount of heat to 
increase the vapor temperature. 

3. The final stages of vaporization occur. The platinum 
screens store a limited amount of heat. Heat must be 
transferred from the thrust chamber walls and heaters 
to the propellant via the platinum screens. 

4. The first parcel of vaporized propellant has Its tempera- 
ture elevated to a point where decomposition can occur. 
Decomposition is initiated thermally. The platinum 
screens have little effect in reducing the homogeneous 
activation energy. Energy released by decomposition is 
sufficient to raise the combustion gas enthalpies and 
the nozzle section temperature. The necessary condition 
required to establish a thermo-kinetic barrier Is satis- 
fied. However, the sufficient condition Is not. Energy 
cannot be supplied to cause localized vaporization and 
decomposition. 

5. Subsequent propellant entering the thrust chamber cannot 
be vaporized and elevated to a temperature at which the 
decomposition rate Is appreciable. Undecomposed propel- 
lant vapor is exhausted through the nozzle. The "flooding" 
process Is complete with the eventual expulsion of liquid 
through the nozzle. 
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Very high holding temperatures with short screen packs or reduced 
holding temperatures with long screen packs enabled sustained decomposi- 
tion. The net effect was to elevate the propellant to a temperature 
where decomposition could be initiated and sustained. In the former 
case (high Tr short packs), the necessary thermal input was achieved 
in a shorter time*; whereas, a longer time was necessary at reduced 
holdinq temperature. 

The MMH decomposition process with long screen packs is represented 
schematically in Figure 52. The temperature- time history, Figure 52a, 
reflects that a substantial time lapse was required to establish a thermo- 
kinetic barrier. The processes (Figure 52b) are: 

1. Propellant injection 

2. Vaporization complete. Decomposition begins but is slow. 

The additional screen pack length allows substantial pro- 
pellant heating and the main decomposition front occurs 
towards the nozzle end. The nozzle temperature rises 
while the head temperature continues to decay. 

3, 4. Heat liberated from decomposition is transferred back 

through the screen pack (3) and along the thruster walls 
(4). The thfriiio- kinetic barrier is established in the 
lower portion of the screen pack. Heat transferred by 
the conduction processes (3) and (4) is sluggish and 
Inefficient. 

5. The thermo-kinetic barrier moves towards the thruster's 
head end as mo>*o heat is made available for vaporization 
by the conduction process. An increase in head tempera- 
ture Is accompanied by a slight decrease in nozzle 
temperature. The true steady-state condition, i.e., 


Time In the sense of this discussion Is Implied to mean dwell, 
contact, residence, or reactor time. 
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T nQZ > "^head* su 99 estec * that the head space, which is 
critical for operation with hydrazine is not nearly 
as effective for operation with MMH. 

Mixtures of Hydrazine with MMH and UDMH 

The net effect of adding hydrazine to MMH or UDMH is to allow a 
decrease in the screen pack length. Hydrazine decomposes more readily 
than either MMH or UDMH. The heat released by hydrazine decomposition 
is made available to vaporize and heat the carbonaceous component with- 
out relying on extensive and inefficient heat transfer by conduction. 

The internal "heat source" decreases the physical separation between 
the vaporization and decomposition fronts, reduces the holding power, 
and significantly decreases the time required to establish a thermo- 
kinetic barrier. 

Tests with Aerozine-50 (50% N 2 H 4 -50% UDMH) and 50% N 2 H 4 »50% MMH 
established that the catalytic activity of platinum was higher for UDMH 
than for MMH. Lower holding temperatures and shorter screen pack assem- 
blies were possible with Aerozine-50. 

Mixture of Hydrazine Monopropellants (MHM) 

Ammonia in the MHM mixture depresses the freezing point of hydrazine 
mixtures and also reduces the internal "heat source" effect (35 percent 
versus 50 percent hydrazine). The real advantage is in suppressing carbon 
deposition (discussed next). 

Carbon Accumulation 

A summary of the thrust chamber regions where carbon deposited Is 
presented In Table 18 for all carbonaceous propellants tested. The 
qualitative observations indicated that the Haynes 25 retaining screen 
had a very high catalytic effect In dissociating the carbonaceous gas 
species. The physical form of carbon buildup In the surfaces of the 
nozzle Inlet section raised questions as to the mechanism of formation. 

It Is doubtful that pyrolysis of the decomposition gases could account 
for the buildup. The logical source was the high velocity ablation of 
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semlcoherent graphite deposits previously formed on the Haynes 25 
retaining screen. This process Is illustrated In Figure 53. All 
Haynes 25 surfaces In the nozzle section have the same Initial 
catalytic activity fcr carbon-bearing molecules. A very thin layer 
of carbon deposits on the nozzle-inlet surfaces. The catalytic 
activity of those surfaces ceases (Figure 53a). Carbon deposits non- 
unlformly on the Haynes 25 retaining screen. The buildup of an Initial 
layer Is faster on the side where a stagnation region is created by the 
high velocity decomposition gases (rear side facing the nozzle). The 
front side of the Haynes 25 screen remains catalytlcally active. Gas 
molecules are catalyzed by that surface but pyrolysis Is not complete. 
Carbon accumulates toward the rear side (Figure 53b). The powdery 
carbon deposits are ablated a *y by the decomposition gases. Much of 
the carbon swept away Is Intercepted by the nozzle inlet section. 

Carbon does not accumulate In the nozzle throat due to the very high 
gas velocities. 

Carbon deposition following operation with the MHM blend was 
minimal, even on the Haynes 25 retaining screen. The addition of 
ammonia plays an important role In suppressing carbon formation. The 
tendency of a decomposition gas mixture to approach equilibrium Is 
severely Inhibited. The kinetic mechanism Is not well understood. 
However, It Is suspected that an Intermediate step which forms gases 
that are easily pyrolyzed takes place only to a limited degree. 

5.2.3 Hydrazl ne-HydrazI ne Azide 

Kinetic data on the decomposition characteristics of azide mixtures 
are not available. Rough operational characteristics Increase with an 
Increase In the hydrazine azide content. Stable operation with the azide 
blend was achieved by empirical means. Two phenomena were observed when 
operating with the baseline configuration: low frequency spiking and 
high frequency Instability. These effects were absent after screen pack 
modifications rendered the head space less effective In promoting decom- 
position. Slightly higher holding temperatures were required to reduce 
rough start characteristics (923°K for the azide blend versus 810°K for 
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hydrazine). These factors Indicated that the vaporization and decomposi- 
tion processes were distributed non-unlformly within the thruster. The 
hydrazine component of the mixture has a tendency to vaporize before the 
azide component. The hydrazine azide content Is thus concentrated above 
the Initial value of 23 percent. Complete vaporization of the remaining 
high-azide-content liquid occurs further Into the screen pack. Subsequent 
decomposition of the hydrazine azide Is abnormally rapid which gives rise 
to high frequency Instabilities. A periodic coupling of these Instabili- 
ties creates large* low frequency chamber pressure fluctuations. 

The overall decomposition process Is blmodal. Hydrazine decomposi- 
tion constitutes one mode and occurs In a normal manner. The other mode 
Is the unstable decomposition of hydrazine azide. Rough operation Is 
caused by the oscillatory benavlor of the unstable mode. Thruster screen 
pack modifications reduced the blmodal operating characteristics by re- 
ducing the extent of hydrazine vaporization In the head space. 
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6.0 RECOMMENDATIONS 


6.1 PROPELLANT SELECTION 

Three monopropellant categories warrant advanced development with 
the electrothermal thruster concept. These monopropellants are listed 
below: 

1. TRW-formulated mixture of hydrazine monopropellants (MHM) 

2. 77 percent hydrazine - 23 percent hydrazine azide 

3. Monomethyl hydrazine and binary mixtures of hydrazine 
and monomethyl hydrazine. 

The performance levels of Aerozlne-50 are very adequate, but the freezing 
point reduction (7.1 °K) relative to hydrazine does not appear to justify 
advanced development when the minimum freezing point reduction of the 
above three monopropellants Is 19°K. 

All three propellants are suitable for operation with the electro- 
thermal thruster concept. The highly-contaminated azide blend used In 
the feasibility demonstration gave higher performance than hydrazine. 

TRW feels that the electrothermal thruster concept offers a current solu- 
tion to problems encountered with high performance azide blends and 
catalytic thrusters. The carbonaceous propellants have adequate perfor- 
mance, very low freezing points, and are not compatible with catalytic 
thrusters. 

6.2 THRUSTER DESIGN 

The design criteria for the advanced monopropellant electrothermal 
thruster Is dictated by flight application requirements. The design 
should have: 

1. Small physical size and low thermal mass to minimize 
power consumption and thermal transient times 

2. High Impulse-bit reproducibility 

3. High component reliability and design simplicity. 
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TRW has demonstrated the ability to design a flightworthv electro- 
thermal hydrazine thnisW (EHT). The design, performance and f .lability 
of the EHT is currently „. 2 -of-the-art. The knowledge gained t.'-inq EHT 
development combined with that of the present study described h*r>ln 
places TRW In a unique position to evaluate the flight ^ppl' 1 *; i iity of 
electrothermal thrusters v,''*h low freezing point monoproDeV- «< > u . 

The modular monopropeil ant demonstration thruster '-*•,! <-.« 9) serves 
as a reference point for the design of a flightworthv v. ter. 

6.2.1 Alternate Injection Concepts 

A sound injector design is the first critical step in a liquid 
propellant thruster. The requirement for both pulsed-mode and steady- 
state operation places additional design constraints. The current TRW 
electrothermal Injector design meets the pulsed-mode and steady-state 
requirements by: 

1. Providing the necessary pressure drop to limit the instan- 
taneous flow rate immediately after valve opening 

2. Decoupling the supply system from chamber pressure 
oscillations 

3. Providing a small dribble volume 

4. Preventing two-phase flow conditions which may result In 
propellant decomposition In the Injector. 

Areas that require improvement for operation with the carbonaceous pro- 
pellants are: 

1. Methods to Increase propellant distribution and vaporization 
as soon as the propellant enters the thrust chamber 

2. Alternate Injector materials having a lower catalytic 
activity than Haynes 25. 

Th< injector cannot be designed to produce a h .flower-head" flow 
pattern in the thrust chamber due to the small mass flow rates, Ihe 
thrust chamber heat transfer characteristics have not yet allowed 


109 


i 



sufficient hot gas recirculation to break up the propellant stream. The 
propellant injection velocity cannot be lowered by an Increase in Injector 
diameter without upsetting the delicate heat transfer balance designed to 
eliminate two-phase flow conditions. An energy balance on the Incoming 
propellant stream indicates which parameters must be adjusted to render 
the stream unstable, l.e. , to effect breakup. A critical velocity, v*. 
below which the propellant stream will be unstable Is obtained by a 
balance between the kinetic and surface energies of the propellant stream. 
,ne kinetic erergy per unit length of a circular stream of diameter d, 
and density Is: 

K.E. - \ mv 2 • v 2 (8) 

The surface energy per unit length Is: 

S.E. * jjA s ■ oird (9) 

where A $ Is the surface area and o Is the surface tension. The critical 
velocity, v*. Is obtained by equating the kinetic energy to the surface 
energy: 



The stream Is unstable at velocities lower than that predicted by Equation 
(10). Hot gas recirculation Influences Equation (10) by lowering the 
surface tension proportionally more than the associated decrease In density. 
A change In the Injector aspect ratio (l.e., elliptical or convoluted 
shapes) can reduce the breakup velocity by Increasing the effective 
diameter at the point of Injection. 

Alternate Injector materials should be evaluated for long term 
pulsed-mode operation. Haynes 25 has proven adequate for hydrazine 
operation, but its catalytic activity may promote carbon deposition 
during "boll-off conditions between pulses. 



The Haynes 25 injector must be replaced for long term operation 
with the hydrazine-hydrazine azide propellant. Haynes 25 is adequate 
for steady-state operation where the injector remains at a relatively 
cool 520°K. However, pulsed-mode operation precludes the use of Haynes 
25. A small amount of propellant remains in the injector after valve 
closure. Hydrazine vaporization leaves a high-azide-content liquid 
residue on the injector surface. The rate of corrosive attack by the 
liquid is orders of magnitude higher than that corresponding to a normal 
gas-metal reaction. Noble metal alloys are the logical material replace- 
ment for the Haynes 25 injector. 

6.2.2 Thrust Chamber and Nozzle Section Variables 

Only minor modifications of the demonstration thruster are required 
for long term operation with the azide blend. The head space and screen 
pack geometry requirements for stable operation were determined during 
the feasibility study. The Haynes 25 retaining screen will be replaced 
by iridium or by a high-iridium-content noble metal alloy. Iridium is 
highly resistant to attack by nitrogen and hydrogen environments. The 
stress/rupture properties at maximum possible operating temperatures 
(<1370°K) are superior to those of tungsten, molybdenum, tantalum, and 

Haynes 25.^ The tensile strength of iridium is 324 MN/m 2 at 1370°K. 

2 

This compares with tensile strengths of 400 MN/m for tungsten and 240 

2 (9 10) 

MN/m for molydenum at the same temperature.' * ' Thruster body material 

changes do not appear necessary. The thruster body is not as susceptible 

to the nitriding environment as the injector and the Haynes 25 retaining 

screen. Negligible thruster body corrosion occurred during feasibility 

testing with the azide blend. 

The primary thrust chamber design goal for operation with the carbon- 
aceous propellants is to reduce the holding power requirements to an 
acceptable level. A reduction in the characteristic chamber length, L* 
(rat^o of chamber volume to throat area), will greatly Increase the 
pulsed-mode performance. The inefficient heat transfer characteristics 
encountered during steady-state operation must be eliminated to effect 
significant L* reductions. Composite screen pack assemblies of varying 
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materials and densities to initiate decomposition early in the flow 
process should be investigated. A desirable composite assembly should 
consist of catalytically active initiation screens near the injector 
with high conductivity material sandwiched between the initiate/* screens 
and a non-catalytic structural support screen. A true composite screen 
pack assembly combined with alternate injection techniques should produce 
a viable solution to steady-state requirements without sacrificing pulsed 
mode performance. 

Nozzle section variables such as inlet and throat sections contours 
will be easily evaluated using the modular design. A full evaluation of 
carbon deposition and ablation behavior in the nozzle section may be 
investigated at low cost. 

6.3 THRUSTER FABRICATION 

Fabrication techniques for joining all base-metal alloy components 
are fully developed with no problem areas. Techniques for joining noble 
to base-metal components require minor refinement. A braze evaluation 
program was initiated during the later stages of EHT development. A 
Pt-10 Ir injector exhibited grain boundary embrittlement with a loss of 
ductility after a two cycle braze to Haynes 25. Silicon was identified 
as the major contam-'nant. The cobalt used in manufacturing Haynes 25 
contains silicon as a contaminant. It is not anticipated that electron 
beam welding will eliminate silicon contamination. Three alternate fab- 
rication methods can be Investigated at minimal cost: 

1. Silicon-free "Haynes 25" made from isostatic powder compaction 
and thermomechanical processing. A Pt-10 Ir Injector Is 
brazed using a cobalt-palladium alloy (Palco). 

2. Standard Haynes. Zlrconla (Zr0 2 ) stabilized platinum injector 
brazed with Palco. 

3. Silicon-free "Haynes 25" - zirconla stabilized platinum 
Injector. 



The zirconia stabilized platinum is attractive by virtue of a small 
grain structure stabilized by a dispersion of sub-micron Zr0 2 particles. 

TRW has produced numerous alloys by powder metallurgical techniques and 
no development effort is involved in manufacturing a bar from which to 
machine thrust chamber parts. 

TRW is currently investigating an alternate thermal insulation to 
WRP-X. The new Insulation, designated ZYF Zircar (Union Carbide), has 
numerous advantages over WRP-X. Type ZYF is composed of yttria (YgO^) 
stabilized zirconia and has the following properties: 

1. Zero shrinkage up to 1720°K. WRP-X has a linear shrinkage 
of 4 percent after 24 hours at 1370°K 

2. Vapor pressure less than 10‘ 9 N/m 2 at 1620°K 

3. Thermal conductivity one-half that of WRP-X 

4. ZYF Zircar easily conforms to irregular surfaces and does 
not require auxiliary molding fixtures. 

This Insulation will be evaluated for the flight model design. 

6.4 THRUSTER CHARACTERIZATION TESTS 

Each configurational prototype should be performance tested to 
determine the effect of parameter variations such as 

a) Injector geometry and propellant dispersal 

b) Injector material and fabrication techniques 

c) Head space 

d) Screen pack geometry and materials - packing density and 
characteristic chamber length 

e) Thruster geometry on holding temperature 

Extensive thruster exhaust gas measurements should be performed during 
all test phases. A quadrapole, residual gas analyzer (RGA, Electronic 
Associates, Inc.) Is used to continuously monitor the exhaust gas composi- 
tion. The analyzer head Is enclosed In a separate and portable vacuum 
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system. The minimum detectable partial pressure is approximately 10 
The RGA output displays a spectrum showing mass peak heights for various 
mass numbers. Gas decomposition in the analyzer head is corrected by 
quantifying the "cracking-pattern" of pure gases. 


7.0 CONCLUSIONS 


Four propellants other than MIL-grade hydrazine were Identified that 
do not require an excessive trade-off between freezing point and perfor- 
mance and are not compatible for use with the more conventional catalytic 
type thrusters. These propellants are 76% hydrazine - 24% hydrazine azide, 
Aerozlne-50, 50% hydrazine - 50% monomethyl hydrazine, and a TRW-formulated 
mixture of 35% hydrazine - 50% monomethyl hydrazine - 15% ammonia. 

A modular, three piece thruster designed an-i fabricated for use with 
MIL-grade hydrazine was ideally suited for the rapid performance evalua- 
tion of the above mentioned propellants. 

The electrothermal thruster concept is suitable for operation with 
hydrazine azide mixtures and propellants containing carbonaceous species. 
Steady-state specific impulse levels exceeded 200 sec for all propellants 
tested. The pulsed-mode program goal of 175 sec specific impulse was 
exceeded by the azide blend for pulse widths greater than 50 ms and was 
met by the carbonaceous propellants for pulse widths greater than 100 ms. 
Specific thruster modifications will deliver 175 sec specific impulse for 
the carbonaceous propellants at pulse widths as low as 50 ms. 

The initiation of decomposition was different for hydrazine and the 
carbonaceous propellants. Hydrazine decomposition was initiated by the 
combined effects of thermal excitation and catalysis, whereas decomposi- 
tion of the carbonaceous propellants was initiated by thermal excitation. 

A complex heat transfer problem existed with the original thruster geometry. 
Vaporization and decomposition fronts were not located in the same proximity. 
Longer screen pack assemblies were required to satisfy the heat transfer 
conditions necessary for sustained steady-state operation. Thruster design 
changes are possible that will eliminate the need for long thrust chamber 
lengths. Steady-state operation can be maintained at lower holding power 
levels. An Increase in pulsed-mode performance will be realized with 
redesigned thruster configurations. 



The performance levels of hydrazine thrusters are Increased by 
promoting homogeneous, gas-phase decomposition kinetics in a free volume 
head space. The endothermic dissociation of ammonia Is suppressed in 
the homogeneous decomposition mode. More thermal energy is available 
to increase the exhaust gas kinetic energy. 

The feasibility of operating small thrust level electrothermal 
thrusters with monopropellants other than MIL-grade hydrazine has been 
conclusively demonstrated. An advanced development phase is warranted 
to fully realize the potential of applying the electrothermal thruster 
concept to low freezing point monopropellants. 


116 


i 


8.0 NEW TECHNOLOGY 

The electrothermal thruster concept has been demonstrated to be 
feasible for operation with propellants other than MIL-grade hydrazine. 
The modular design of the monopropellant demonstration thruster resulted 
in substantial fabrication cost savings and enhanced technical efforts 
during the Evaluation Test Program Phase. The design is novel in electro 
thermal hydrazine thruster technology. 

A secondary task of the Evaluation Test Program was to obtain base- 
line hydrazine performance data for all new thruster configurations. One 
thruster configuration provided substantial performance increases over 
previous electrothermal hydrazine thrusters. An analysis of the data 
generated from the several configurations yielded an increased level of 
understanding the hydrazine decomposition process. The model presented 
to describe the electrothermal hydrazine decomposition process may be 
applied to other technology areas. These areas include catalytic hydrazi 
thruster and gas generator technologies. 
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APPENDIX A 


A.l SHOCK SENSITIVITY / 

The two standard methods of determining shock sensitivity are the 
drop-weight and JANNAF card gap tests. 

The drop-weight test for liquids assumes that an explosion is initia- 
ted by the adiabatic compression of the gas volume present with the sample. 

A small amount (0.030 cc) of propellant is enclosed in a 0.060 cc cavity 
formed by a steel cup, an elastic ring and a steel diaphragm. A piston 
rests on the diaphragm and contains a vent hole which is blocked by the 
steel diaphragm. A weight is dropped onto the piston. Explosion is 
Indicated by a ruptured diaphragm and loud noise. The sensitivity value 
for a given sample is the potential energy (height x weight) at which the 
probability of explosion is fifty percent. 

The standard JANNAF card gap test assembly consists of a 25.4 mm 
diameter by 76.2 mm long schedule 40 steel cup with a 0.051 mm polyethy- 
lene film mounted in the bottom of a cardboard support assembly. A 50 
gram tetryl pellet is placed below and touching the polyethylene bottom; 
a blasting cap is placed below and touching the tetryl pellet. The test 
liquid Is placed in the cup and a 101,6 mm x 101.6 mm x 9.5 mm cold-rolled 
mild steel plate is placed, unattached, atop the cup. The tetryl charge 
is detonated by activation of the blasting cap. Test liquid detonation 
due to the hydrodynamic shock from the tetryl charge produces a 25.4 mm 
diameter hole In the mild steel witness plate. No plate damaqe Is 
observed with non-detonable materials (e.g. water). Results are expressed 
as the number of cellulose acetate cards that must be placed between the 
tetryl donor charge and the cup bottom such that the donor shock will be 
sufficiently attenuated to give a 50% statistical chance of test material 
detonation. 

A. 2 DETONATION PROPAGATION 

Standard ICRPG detonation propagation tests are performed by contain- 
ing the test liquid In a section of 6.35 mm 347 stainless steel tubing 
having a 0.89 mm wall thickness. The tube fits Into a reservoir through 
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a 25.4 mm diameter opening. A 50-gram pentolite booster is used with a 
number 8 electric blasting cap to detonate the reservoir fluid. The 
criterion for a positive test is the complete destruction of the 6.35 
mm acceptor tube. 

A. 3 THERMAL STABILITY 

Propellant thermal stability is measured by the standard ICRPG 
thermal stability teJt and by differential scanning calorimetric methods. 
Results of the standard tests are regarded as practical values and the 
differential scanning calorimetric test results are considered as limiting 
values. Only the standard ICRPG test will be described. 

The ICRPG test fixture consists of a stainless steel cylinder which 
has a 5.59 mm diameter and is 38.1 mm long. The bottom is closed and a 
compression-fitted shielded thermocouple is employed. The fixture is 
charged with 0.5 cc of propellant and closed at the top with a 0.076 mm 
thick SS diaphragm. The assembly is then placed in a bath which Is 
heated at a constant rate of 10°K/min. A second thermocouple and an X-Y 
recorder are connected with the sample thermocouple so as to yield a plot 
of differential temperature (sample temperature minus bath temperature) 
versus bath temperature. Exothermic reactions appear as positive peaks, 
while endothermic reactions appear as negative peaks. The results are 
reported in terms of the temperature at which significant thermal activity 
Is observed. 

Long term thermal storablllty is measured by the rate of gas evolu- 
tion over a specified period of time. Results are usually given for a 
particular material In units of psl/day. 

A. 4 TOXICITY 

Exposures are expressed as concentration and exposure duration for 
exposure to vapors In the air; and as dosages referred to as a fraction 
of body weight for Ingestion. In tests on animals, the lethal dosage Is 
defined as that which kills 50 percent of the test subjects. The dosage 
Is expressed as LD^q In milligrams of substance per kilogram of body 


weight (mg/kg). The concentration of vapors In air Is expressed In terms 
of parts of vapor per million parts of air (ppm). 

A. 5 MATERIALS COMPATIBILITY 

The compatibility classification Is based on the rating scheme 
recommended by the Oefense Metals Information Center. Table A1 presents 
the rating scheme used In this report. 
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APPENDIX B 

A complete set of monopropellant demonstration thruster drawings Is 
Included In this appendix. 
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